Abstract: Spruce budworm (Choristoneura fumiferana Clem.; SBW) outbreaks are one of the dominant natural disturbances in North America, having killed balsam fir (Abies balsamea (L.) Mill.) and spruce (Picea sp.) trees over tens of millions of hectares. Responses to past SBW outbreaks have included the aerial application of insecticides to limit defoliation and keep trees alive, salvage harvesting of dead and dying trees, or doing nothing and accepting the resulting timber losses. We tested a new 'early intervention strategy' (EIS) focused on suppressing rising SBW populations before major defoliation occurs, from 2014 to 2018 in New Brunswick, Canada. The EIS approach included: (1) intensive monitoring of overwintering SBW to detect 'hot spots' of low but rising populations; (2) targeted insecticide treatment to prevent spread; and (3) proactive public communications and engagement on project activities and results. This is the first attempt of area-wide (all areas within the jurisdiction of the province of New Brunswick) management of a native forest insect population. The project was conducted by a consortium of government, forest industry, researchers, and other partners. We developed a treatment priority and blocking model to optimize planning and efficacy of EIS SBW insecticide treatment programs. Following 5 years of over 420,000 ha of EIS treatments of low but increasing SBW populations, second instar larvae (L2) SBW levels across northern New Brunswick were found to be considerably lower than populations in adjacent Québec. Treatments increased from 4500 ha in 2014, to 56,600 ha in 2016, and to 199,000 ha in 2018. SBW populations in blocks treated with Bacillus thuringiensis or tebufenozide insecticide were consistently reduced, and generally did not require treatment in the subsequent year. Areas requiring treatment increased up to 2018, but SBW L2 populations showed over 90% reductions in that year. Although this may be a temporary annual decline in SBW population increases, it is counter to continued increases in Québec. Following 5 years of tests, the EIS appears to be effective in reducing the SBW outbreak.
Introduction
The spruce budworm (Choristoneura fumiferana Clem.; SBW) outbreak in eastern Canada and Maine from 1967 to 1993 was the dominant natural disturbance in the region, peaking at over 50 million hectares of defoliation [1] . Outbreaks (repeated annual defoliation typically lasting up to 10 years) results in growth reduction of up to 90% [2] , tree mortality in balsam fir (Abies balsamea (L.) Mill.)-spruce (Picea sp.) forests often exceeding 85% [3, 4] , and changes in regeneration patterns [5] . SBW outbreaks also affect forest landscape structure (i.e., stand species composition and spatial configuration) with consequences for forest succession [6] , timber production [7] , and the risk of future disturbances such as fire [8] . Several papers have reviewed SBW and other insect outbreak effects on tree mortality [3] , stand development and ecosystem responses [9, 10] , and ecological mechanisms of SBW population changes during outbreaks [11] [12] [13] . Defoliation associated with larval feeding caused timber volume losses estimated at up to 44 million m 3 per year, or 30% of the total Canadian timber harvest in 2012. To limit timber supply shortfalls and the economic impact of SBW, at the peak of the last outbreak, 6.9 million hectares of forest was treated with insecticide in Canada in 1976, primarily in the provinces of Québec and New Brunswick [14] . In Québec, mortality losses during the 1967 to 1992 SBW outbreak were estimated at 238 million m 3 of spruce and balsam fir, with an estimated similar additional amount of reduced growth [15] . The total losses from the SBW outbreak in Québec had an estimated commercial value of $12.5 billion [16] .
Forest species composition affects SBW defoliation in several ways, and understanding these effects is important in setting criteria and prioritizing areas for SBW control treatments. SBW defoliation differs among host species [17] , with balsam fir the most defoliated and white spruce (Picea glauca [Moench] Voss), red spruce (Picea rubens Sarg.), and black spruce (Picea mariana [Mill.] B.S.P.) having approximately 72%, 41%, and 28% as much defoliation as balsam fir, respectively [17] . In addition, several studies have reported lower SBW defoliation of balsam fir, and lower resulting growth reduction and mortality, in stands or landscapes with higher proportions of broadleaved, hardwood species [3, 18, 19] . In 25 plots in northern New Brunswick over a 5-year period in the last stages of the 1970s-1990s SBW outbreak, defoliation of balsam fir was <15% with >80% hardwood content, compared to 58%-71% when hardwood content was <40% [19] . Tree-ring analysis also showed that SBW-caused growth reductions were twice as high (40%) in stands with <50% hardwood content, compared to 20% in stands with >50% hardwood content [20] . Fir-hardwood stands (~30% hardwood content) also sustained 14%-30% less SBW-caused fir mortality than in fir-dominated stands [3, 18] .
Forests in New Brunswick are composed of 85% species susceptible to SBW [21] and have undergone defoliation of up to 3.6 million ha in 1975 [1] . As a result, there has been a strong commitment to insecticide treatment in this jurisdiction, with an average of 2.0 million hectares per year treated from [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] , at an average cost of $4 per hectare or $7.7 million per year. Today, owing to inflation and increased pest control product and application costs (currently $40 or $80 per hectare, depending on whether one or two applications per year), a similar protection strategy on 2 million hectares would cost between $80-$160 million per year. In a 2007 survey of the New Brunswick public [22] , 94% of respondents supported funding research and development on pest control, and 82% supported controlling future SBW outbreaks.
Two detailed studies have quantified the potential timber supply and economic impacts of SBW outbreak scenarios in New Brunswick, which provided much of the rationale for continued pest control research on the topic. Hennigar et al. [21] determined that timber harvest reductions, relative to a no defoliation case, for the 3.0 million ha of Crown land in New Brunswick were projected to reach 18% and 25% by 2052, under moderate and severe outbreak defoliation scenarios from 2012-2032. Up to 30% to 50% of these reductions were projected to be avoided through insecticide treatments, depending on the outbreak scenario. Peak wood supply reduction of 25% was projected during the period of defoliation, but impacts also greatly reduced the large increases in wood supply projected from 2042-2062 that would otherwise result from long-term silviculture. Chang et al. [7, 23] estimated the costs of SBW outbreak scenarios and benefits of treatments based on the Hennigar et al. [21] timber supply projections. Under uncontrolled moderate and severe SBW outbreak scenarios, total output in the New Brunswick economy over the 2012-2041 period was projected to decline in present value terms by $3.3 billion (CAD) and $4.7 billion, respectively. SBW control was projected to reduce the negative impacts on economic output by up to 66% when protecting 40% of susceptible forests. Combining SBW control with re-scheduling harvests and a salvage strategy under moderate and severe outbreaks was projected to reduce the negative impacts on output by a further 1%-18%, depending on the level of control implemented [7] .
Eastern North America is now undergoing another SBW outbreak that began in northern Québec in about 2005 [24] . In the past, SBW outbreaks have been managed through a reactive "foliage protection" approach focused on keeping trees alive, whereby areas are treated following some defoliation but before tree mortality occurs [25] [26] [27] . This approach usually has required that at least 2 years of moderate-severe current-year defoliation occur before allowing insecticide treatment, because it typically takes 4-5 years of defoliation to kill trees [3] . The main goal of SBW control programs in eastern Canada is to protect the trees' current-year foliage (target 50% current foliage retained in Québec, 60% in New Brunswick) in order to ensure tree survival and limit wood losses during outbreaks [28] . Insecticide applications every 2 years in balsam fir and white spruce stands and every 3 years in black spruce-dominated stands provides an adequate level of protection to reduce growth losses (maintain the residual photosynthetic capacity above 39%), while reducing the number of required annual insecticide applications [28] .
While a foliage protection strategy will reduce SBW-caused tree mortality, it cannot suppress the overall rise or spread of outbreaks. As an alternative to this long-standing approach, we are testing an Early Intervention Strategy (EIS) to suppress SBW populations in New Brunswick, which involves: (i) intensive monitoring and early detection of low-level increases of SBW populations, before substantial defoliation occurs; and (ii) small area, target-specific application of insecticides to locations with rising SBW populations. Recent advances in our understanding of SBW population dynamics [29] have prompted efforts to develop this new EIS approach to managing SBW. It is the first attempt of area-wide management (within the currently funded trial area of Atlantic Canada) of a native defoliating insect. EIS focuses on controlling relatively low-density populations along the leading edge of outbreaks as a way of containing outbreak spread. Important science considerations addressed include what SBW density to initiate an EIS; what insecticide products are effective; what are the consequences of treatments on natural enemy populations attacking SBW in subsequent years; what new decision-support tools and technology need to be developed to optimize treatments; and the assessment of costs and benefits.
The EIS program shares many characteristics with area-wide containment programs used to contain invasive species, such as the "Slow the Spread" program for gypsy moth (Lymantria dispar Linnaeus) in the United States [30, 31] . Many practical and theoretical considerations underlie the development of a pest containment program, which in essence is a population control program. These include how to monitor and decide when and where to treat hot spots; what pest control products should be used; whether pest control treatments result in additive mortality (i.e., mortality in addition to what would otherwise occur naturally) and thereby drive population decline; and whether mass moth dispersal beyond the leading edge of the outbreak might offset treatment efficacy.
In addition, given that natural enemies (parasitoids in particular) are a major source of natural SBW control [32] , evaluation of whether treatments adversely affect natural enemy populations and thereby reduce natural mortality rates of SBW is required. Most of the key parasitoids thought to control SBW are generalists that attack other herbivores when SBW densities are low and these may be adversely affected if a low-density population is treated [32, 33] . Unwanted impacts of treatments on the general parasitoid community could promote SBW in years following treatment, if parasitoids are reduced by insecticide-induced SBW mortality or through alternative hosts mortality.
From 2014-2018, EIS research trials were conducted by a consortium termed the Healthy Forest Partnership, encompassing the Governments of Canada and New Brunswick, Natural Resources Canada, universities, and forest industry (www.healthyforestpartnership.ca). In addition to SBW monitoring and EIS control measures designed to suppress populations, the research included longer-term understanding of effects of natural enemies, factors affecting outbreak initiation, inoculation of seedlings with endophytic fungi to increase host resistance [34, 35] and improving decision support capabilities to facilitate planning. The project engaged participation of the region's leading forestry companies, universities, and federal and provincial research agencies. We put considerable effort into clear, timely communication of the details of the infestation, treatments, impacts to human health and ecosystems, and research results to the public and stakeholders.
We developed a new treatment priority and blocking model to optimize planning of annual EIS SBW insecticide treatment programs, by directing treatments to the highest priority areas to maximize reductions of SBW L2 populations. Herein we use the term 'block' to designate a contiguous area, typically rectangular in shape, designed for treatment with insecticide using a series of aircraft flight swaths. The model aims to minimize the cost and effort required to achieve a given pest control objective, optimizing use of Bacillus thuringiensis var. Kurstaki (Btk) or tebufenozide pest control products and application technologies. It was based upon elements of the SBW Decision Support System (DSS), which includes stand and forest-level models and a GIS that projects effects of SBW defoliation and management/treatment strategies on stand growth, timber supply, and economic indicators [29, [36] [37] [38] . The DSS permits users to integrate forest harvest planning, protection using pesticides, and salvage, within a spatial optimization framework, to reduce losses to SBW [37] . The most recent version of the SBW DSS is termed the Accuair Forest Protection Optimization System (ForPRO) [39] , which optimizes treatment schedules to reduce losses, prioritizes areas to be treated, determines impacts on harvest levels, and integrates salvage activities with protection.
In this paper, we will present and discuss 5-year interim results of EIS SBW monitoring and treatment trials conducted in New Brunswick from 2014-2018. Objectives are: (1) to develop and test an EIS SBW insecticide treatment priority and blocking model (where 'blocks' refer to typically rectangular areas defined for aircraft delivery of insecticide) to optimize planning and direct treatments to the highest priority areas and maximize SBW population reductions; and (2) evaluate the effectiveness of EIS control treatments conducted from 2014 to 2018 and their impacts on SBW population trends. Our underlying hypothesis is that intensive monitoring and treatment of rising SBW 'hot spots' with insecticide, before defoliation occurs, can delay, prevent, or reduce the severity of a native insect outbreak. If successful, an EIS approach has the potential to reduce or eliminate the high levels of defoliation that can only be reduced by a foliage protection approach.
Methods

Monitoring and Detection of SBW 'Hot Spots'
Monitoring of SBW populations for EIS treatments was conducted using a combination of SBW pheromone trapping, intensive second-instar larval (L2) population surveys based on branch sampling, and aerial defoliation surveys. L2 population surveys were the primary data source to indicate rising SBW populations, because they directly measure the overwintering larvae that cause defoliation in the following summer. Pheromone traps were located in susceptible forests and were helpful for identifying areas where additional L2 monitoring plots might be needed. A large number of points (1136-1964 per year; Table 1 ) were sampled, with emphasis on northern New Brunswick due to its proximity to the Québec SBW outbreak (Figure 1 ). The L2 branch sampling was done in the fall/winter and thus years in Table 1 and Figure 1 relate to that period, but determine what was treated in the following summer. Each sample point consisted of sampling one mid-crown branch from each of three balsam fir or spruce trees. A key feature of the EIS sampling was that forest industry crews assisted New Brunswick Department of Energy and Resource Development (NB ERD) staff in collecting branches for L2 sampling, as part of their contribution to resources for the project. SBW overwinters as L2 in a hibernaculum spun under bark scales and lichen on the host tree, and the hibernaculum can be destroyed and larva washed from the foliage with a sodium hydroxide solution [40] . Sampled branches were bagged and transported to the NB ERD lab, where they underwent a sodium hydroxide wash, filtering, and counting under a microscope [40] to determine the number of overwintering L2 SBW per branch, as an estimate of populations in the subsequent season. The annual SBW L2 data are publicly available at www.healthyforestpartnership.ca. A threshold of 7 L2/branch (rounded; an actual mean of three branches >6.5 L2/branch) was proposed to plan treatments because above this threshold, populations were expected to increase. The threshold was estimated based on SBW population data collected in the Lower St-Lawrence region of Québec between 2012 and 2015, during the rise of the current outbreak in that area. It was calculated from the average L4 density that led to an annual population growth rate just under 1, given the observed density dependence of generation survival, an average apparent fecundity of 60 eggs per surviving adult, and average mortality from egg to L4 in the next generation. The threshold was then modified to translate from L4 to overwintering L2. . These L2 point data were spatially interpolated and used to plan treatment areas (generally ≥ 7 L2/branch), using an optimized blocking algorithm described in section 2.3.
Incorporation of Effects of Forest Species Composition on SBW Dynamics
The results of two recent studies have helped focus use of tree species in our treatment priority algorithm. Zhang et al. [41] tested effects of hardwood composition on defoliation during the initiation phase (first 5 years) of a SBW outbreak in a gradient of 27 fir-hardwood plots selected to Figure 1 . SBW L2 sample points in New Brunswick from 2013 to 2018. These L2 point data were spatially interpolated and used to plan treatment areas (generally ≥ 7 L2/branch), using an optimized blocking algorithm described in Section 2.3. 
The results of two recent studies have helped focus use of tree species in our treatment priority algorithm. Zhang et al. [41] tested effects of hardwood composition on defoliation during the initiation phase (first 5 years) of a SBW outbreak in a gradient of 27 fir-hardwood plots selected to represent three percent hardwood basal area classes (0%-25%, 40%-65%, and 75%-95%). Fir defoliation was significantly lower (p < 0.001) as hardwood content increased, but the relationship varied with overall defoliation severity each year. Annual plot defoliation in fir-hardwood plots, estimated using Random Forests prediction incorporating 11 predictor variables, yielded a correlation of 0.92 compared to measured defoliation. Average defoliation severity in softwood plots and % hardwood content were the most influential variables. Bognounou et al. [42] compared stands dominated by highly vulnerable balsam fir, stands dominated by low vulnerability black spruce, and mixed composition stands (fir and black spruce). They found resource concentration effects on the primary host (balsam fir) during the increasing outbreak phase in fir-dominated and mixed stands. Balsam fir, the most susceptible species, depended more on immediate neighboring trees and thus associational effect, whereas black spruce, the less preferred host, showed a greater resource dilution effect from neighboring trees [42] . A stand spruce-fir content threshold of above 20% was selected for use in our treatment priority algorithm and fir-spruce differences could potentially be incorporated.
Development of the Optimum Pest Control Treatment Priority Model
The biggest difference between our new treatment priority and blocking model and the current ForPRO [39] was that ForPRO and past SBW DSS iterations have been based on estimated timber supply or harvest level impacts (m 3 losses) of defoliation, whereas EIS planning is based on SBW population levels. Our model used spatial heuristic algorithms to estimate effects of alternative EIS control strategies, specifically determining the most cost-effective application of insecticide to minimize SBW L2 levels. The spray treatment priority raster combines an interpolated SBW L2 sample with a % spruce-fir forest composition layer, as inputs into the blocking tool (Figure 2 ), which analyzes cells (originally 1 ha 100 × 100 m, but changed to 80 × 80 m in 2018, to coincide with aircraft application swath width), along with tests of alternative desired treatment flight directions, to produce an optimal treatment area.
The blocking tool uses information about aircraft speed, turn times, insecticide hopper and fuel capacities, and treatment swath width to constrain treatment area and determine whether the aircraft should turn or continue to fly to the next high priority area when passing over excluded or low priority treatment areas. The objective is to maximize cumulative treatment priority score over the entire program, with penalties assigned for simulated product deposition losses and high ratios of aircraft flight-time to boom-on-time. Limits on total area blocked are determined externally by the program budget (area to be treated or funding and treatment cost per hectare). Spatial treatment priority score can be determined based on minimizing the expected volume losses, or in the case of EIS, an interpolated and scaled SBW L2 raster layer (described below). Simulated deposition losses result when: (1) boom-on-off events occur (a penalty at the beginning or end of the treatment line, because of application lag); and (2) a flight line is not flanked by adjacent lines (a penalty for increasing likelihood of incomplete line deposition from product drift). The combination of these penalties acts to spatially aggregate areas targeted for treatment to make blocks operationally realistic; e.g., isolated high L2 areas will be less likely to be included compared to aggregated high L2 areas.
The blocking tool uses information about aircraft speed, turn times, insecticide hopper and fuel capacities, and treatment swath width to constrain treatment area and determine whether the aircraft should turn or continue to fly to the next high priority area when passing over excluded or low priority treatment areas. The objective is to maximize cumulative treatment priority score over the entire program, with penalties assigned for simulated product deposition losses and high ratios of aircraft flight-time to boom-on-time. Limits on total area blocked are determined externally by the program budget (area to be treated or funding and treatment cost per hectare). Spatial treatment priority score can be determined based on minimizing the expected volume losses, or in the case of EIS, an interpolated and scaled SBW L2 raster layer (described below). Simulated deposition losses result when: 1) boom-on-off events occur (a penalty at the beginning or end of the treatment line, because of application lag); and 2) a flight line is not flanked by adjacent lines (a penalty for increasing likelihood of incomplete line deposition from product drift). The combination of these penalties acts to spatially aggregate areas targeted for treatment to make blocks operationally realistic; e.g., isolated high L2 areas will be less likely to be included compared to aggregated high L2 areas. Several spatial interpolation methods were evaluated to produce a continuous population model from the L2 point data, and we selected averaging the output of four interpolation methods: empirical Bayesian kriging, inverse distance weighting, radial basis function, and kernel smoothing ( Figure 3A ). Raster cell size was set equal to the most common aircraft swath width (80 m) used so each cell becomes a 'yes' or 'no' treatment decision in the blocking tool. The interpolated L2 layer was transformed and scaled (1-100) to put more emphasis on moderate-high L2 populations and then added to the % spruce and fir (scaled from 1-10). Transformation of interpolated L2 was performed using the TfLarge object method available as part of the Spatial Analyst extension in the ArcPy Python site package; transformed L2 = 1/(1 + (L2/midpoint) −spread ), where midpoint = 7 and spread = 3. Alternative transformation methods were tested to identify what objective function would result in a treatment block solution similar to that expected if created manually by NB ERD experts. The objective was to target treatment of high L2 areas, but not waste insecticide on high hardwood content stands where L2 survival on non-host species is low. The resulting algorithm was based on consensus from expert panel reviews by researchers and NB ERD staff of alternate spray priority weighting rules. The % spruce-fir represents the proportion of merchantable volume in mature stands and relative abundance based on density, stocking and canopy closure for the immature forest. Areas with higher spruce-fir content were expected to yield more L2 per unit area compared to low spruce-fir content areas ( Figure 3C ). All areas with moderate or higher SBW L2 populations (≥7 L2/branch) were set to high priority to ensure that they were treated. Areas with <20% spruce-fir had spray priority value set to zero, based on results of Zhang et al. [41] . Habitation and other operational setbacks were excluded from treatment in all scenarios ( Figure 3B ). Together, these methods define the treatment priority model used by the blocking algorithm ( Figure 3D ).
The optimum treatment priority blocking tool was used by Forest Protection Limited (FPL) and NB ERD staff in designing the EIS protection trials from 2016 to 2018. The blocking algorithm was run on the treatment priority model with flight lines oriented north-south and east-west. Treatment priority input layers were then rotated 45 degrees and the composite priority layer was rebuilt to allow the blocking algorithm to build blocks for northeast-southwest and northwest-southeast flight directions. In total, four different spatial blocking solutions from the different flight orientations were produced, and these four layers were combined to yield areas eligible for treatment. Areas selected for treatment four times were more likely to be good treatment candidates (four 'votes') than areas selected less often. This composite treatment area ( Figure 4A ,B) was reviewed by NB ERD staff and sent to FPL for development of the final treatment blocks ( Figure 4C ). FPL staff converted the identified treatment solutions into digitized flight lines in a process that selected the solution from the composite treatment area that best matched the desired flight direction, which is largely determined by proximity to residential areas, infrastructure, and topography. Final treatment blocks were edited to respect exclusion areas in accordance with environmental permits, and to remove areas that were not operationally feasible due to anticipated flight line orientation. The final operational blocks and flight lines closely resembled the eligible treatment area ( Figure 4B versus Figure 4C ). 
Insecticide Treatments for EIS Against SBW
Given that EIS is area-wide SBW population management, we attempted to treat all SBW area with L2 ≥ 7, regardless of land ownership. The New Brunswick Crown Lands and Forests Act contains provisions allowing landowners to opt out of planned provincial pest management 
Insecticide Treatments for EIS against SBW
Given that EIS is area-wide SBW population management, we attempted to treat all SBW area with L2 ≥ 7, regardless of land ownership. The New Brunswick Crown Lands and Forests Act contains provisions allowing landowners to opt out of planned provincial pest management programs, if desired, and all potentially affected landowners (several hundred per year in 2017 and 2018) were notified and given an opportunity to opt out. Fewer than 5% of landowners opted out of treatments, largely owing to extensive communication efforts to inform media, politicians, landowners, and other stakeholders of objectives and results of the EIS research. Figure 3D ) and C) adjusted final polygon blocks digitized by FPL analysts.
In total, three bases of operation, namely Charlo, Miramichi, and Boston Brook, were used as staging areas for application flights. Treatments targeted later larval instars (3.5 or later), initially based on locally-calibrated degree-day models of SBW larval development, but confirmed for individual treatment blocks by SBW larval sampling to monitor insect development (or bud development as a proxy for insect stage). Insecticide applications therefore were optimally timed with insect development, commencing once the appropriate development stage was reached, during periods of favorable meteorological conditions (low wind, no rain, etc.). Costs of the Btk and tebufenozide treatments have averaged about $40 per hectare per application, or over $17 million of direct treatment costs for the 425,000 ha treated from 2014 to 2018 (Table 2 ). Costs will vary by jurisdiction and are lower than usual in New Brunswick because Forest Protection Limited owns aircraft, rather than having to contract them.
Population surveys carried out in treated versus untreated areas [43] provided estimates of spring-feeding larval density estimates (i.e., L4), which allowed us to assess how efficient L2 estimates from the previous year were for determining the treatment layer. In brief, we selected sites within treated and untreated areas in 2017 (53 sites) and 2018 (96 sites) and collected 15 branches per site during the L4 stage (~mid June).
Treatment efficacy was assessed using the annual L2 survey data used to identify hotspots Figure 3D ) and (C) adjusted final polygon blocks digitized by FPL analysts.
Treatment efficacy was assessed using the annual L2 survey data used to identify hotspots (described above in Section 2.1). These L2 density data were separated by 'time' (i.e., pre-spray and post-spray) and by 'treatment' where we compared density in treated areas with those in untreated areas within 3 km of blocks or within 3-6 km from blocks. All statistical analyses on these data were conducted in R version 3.4.0 [44] . To determine the effect of treatments on population growth, for each year, we carried out a linear model assessing the effects on L2 density of 'time' (i.e., pre vs. post treatment) and treatment (treated areas vs. untreated areas < 3 km vs. untreated 3-6 km), as well as their interaction. Prior to analysis, measures of L2 density were transformed based on Tukey's ladder of power using the transformTukey function from the rcompanion package [45] . Because of significant time x treatment interactions, we did not try to interpret the main effects from these models and instead have focussed on how they interacted with one another. For each year we reported the difference in L2 density from the start to end of year for each treatment to indicate the direction of change (+ or −) and conducted a post-hoc interaction contrast using the testInteractions function from the phia package [46] , to determine if these differences were significant.
Results
EIS Insecticide Treatments from 2014 to 2018
The area treated with insecticides increased steadily over the 5 years tested, from less than 5000 ha in 2014 to nearly 200,000 ha in 2018 ( Figure 5 , Table 2 ). Treatments in 2018 included about 23,000 ha of trial double or triple applications of Btk in the highest population areas (L2 > 20/branch; Table 2 ). Initial results after one year indicated that one application of Btk was as effective as two applications and that three applications were unnecessary, but this needs to be tested further. The 2018 treatment size was decided based on simulations of a range of potential treatment program size and budget scenarios ranging from 150,000 ha ($6 million cost) to 300,000 ha ($12 million) and resulting projected L2 reduction efficiencies. In total, treatments were 55% Btk, 45% tebufenozide, and 0.6% trials of SBW pheromone ( Table 2 ). The pheromone trials were experimental, and have not yet achieved sufficiently satisfactory results for use. The geographic extent of treatment areas was primarily in northwest and north-central New Brunswick, and expanded southward over the years ( Figure 5 ). In general, areas were not treated in successive years ( Figure 6A ). Areas treated that overlapped areas treated in the preceding year were 0%, 6.7%, 14.6%, and 26.3% from 2015 to 2018, respectively. The main areas that required repeated treatments were close to the Québec border, where the major SBW outbreak expanded from 4.3 million ha in 2014 to 8.2 million ha in 2018 [24] . Of the total of 112 L2 points that had ≥ 7 L2/branch in autumn 2017, only 12% of those fell within areas that had been treated with insecticide in summer 2017 ( Figure 6B ), and none of the 10 points in 2018 that will require treatment in 2019 occurred in areas treated in 2018. 
Efficacy of L2 Monitoring and Blocking Approach
Results from SBW population surveys carried out on 15 branches per site during the L4 stage within treated and untreated areas in 2017 (53 sites) and 2018 (96 sites) [43] were used to assess how efficient L2 estimates from the previous year were for determining the treatment layer. Treatment areas for 2017 and 2018 included 75% and 76% of the sites sampled with L4 densities above the >6.5 L2/branch treatment threshold. In almost all instances, the other 24%-25% of sites that were above the treatment threshold but not included in the spray area were intentionally excluded due to buffer restrictions for waterways or residences.
Efficacy of Treatments for Suppressing Population Growth
For each year, there was a significant time x treatment interaction (Table 3) , which was attributed to differences in both the magnitude and direction of changes between pre-and post-spray L2 densities among treatments. In general, mean L2 densities from pre-treatment to post-treatment periods, comparing L2 points within treated blocks, untreated points within 3km of blocks, and untreated points 3-6 km from blocks showed that mean L2 values within treated blocks declined by 38%-39% in 2015-2016, by 60% in 2017, and by 96% in 2018 (Table 3 ). In contrast, mean L2 of samples outside but within 3 km of treatment blocks increased by 75%-105% and those 3-6 km from blocks increased by 146%-300% from 2015-2017. The year 2018 differed, however, in that L2 samples outside treated blocks declined by 43%-63%, whereas treated samples declined by 96% (Table 3) . SBW survival in 2018 was clearly low in untreated as well as treated samples. Overall, these results indicate that treatments were effective in reducing populations in all years and that moth immigration did not appear to offset treatment mortality (i.e., treatments resulted in additive mortality). Ongoing life 
Efficacy of L2 Monitoring and Blocking Approach
Efficacy of Treatments for Suppressing Population Growth
For each year, there was a significant time x treatment interaction (Table 3) , which was attributed to differences in both the magnitude and direction of changes between pre-and post-spray L2 densities among treatments. In general, mean L2 densities from pre-treatment to post-treatment periods, comparing L2 points within treated blocks, untreated points within 3 km of blocks, and untreated points 3-6 km from blocks showed that mean L2 values within treated blocks declined by 38%-39% in 2015-2016, by 60% in 2017, and by 96% in 2018 (Table 3 ). In contrast, mean L2 of samples outside but within 3 km of treatment blocks increased by 75%-105% and those 3-6 km from blocks increased by 146%-300% from 2015-2017. The year 2018 differed, however, in that L2 samples outside treated blocks declined by 43%-63%, whereas treated samples declined by 96% (Table 3) . SBW survival in 2018 was clearly low in untreated as well as treated samples. Overall, these results indicate that treatments were effective in reducing populations in all years and that moth immigration did not appear to offset treatment mortality (i.e., treatments resulted in additive mortality). Ongoing life table studies in treated and untreated areas of the EIS program have offered further support for this contention [43] . These results also indicate that successful containment may be possible even when some areas with densities above the action threshold are necessarily excluded from spray areas (e.g., see Section 3.2 above). Table 3 . Mean and standard error (SEM) number of SBW second instar larvae (L2) per branch from samples taken before and after budworm protection treatment, each year from 2015-2018, comparing treated samples with untreated samples within 3 km and 3-6 km adjacent to treated blocks. Treated values are shown in bold and % difference from pre-to post-treatment is shown. 
Comparison with SBW Populations and Defoliation in Adjacent Québec
Following 5 years of EIS treatments of low but increasing SBW, L2 levels across northern New Brunswick were considerably lower than adjacent SBW populations across the provincial border in Québec ( Figure 7A ). The SBW outbreak (defined in terms of area of aerially-detected defoliation) began in about 2004 in Québec, when 33,700 ha of defoliation were detected. This increased to 133,600 ha by 2008, 1,643,000 ha by 2011, 4,275,000 ha by 2014, and 8,181,000 ha in 2018 [24] . SBW control treatments in Québec over this time period covered a maximum of several hundred thousand hectares per year, because of cost. The huge scale of the outbreak in Québec renders an EIS approach impossible. Québec is much larger than New Brunswick (1,668,000 km 2 versus 72,908 km 2 ), but the regions of Québec that are closest to New Brunswick (south of the St. Lawrence River in Figure 7 ; Bas-Saint-Laurent and Gaspésie regions, 42,337 km 2 ) are generally similar in size and environmental conditions to northern New Brunswick. Aerial surveys of defoliation in New Brunswick detected only~2500 ha of defoliation in 2017 and 500 ha in 2018, the third and fourth years of the outbreak, in comparison with 2,183,400 ha of defoliation in 2017 and 2,509,650 ha in 2018 [24] in the adjacent Bas-Saint-Laurent-Gaspésie regions of Québec ( Figure 7B ). Although there are some differences in methods, resolution, and mapping procedures between the defoliation aerial surveys in New Brunswick and Québec, there are orders of magnitude differences in observed defoliated area. Following 4 and 5 years of EIS treatments in New Brunswick, the Québec-New Brunswick border was evident from the air by defoliation on the Québec side versus none visible in New Brunswick. We should note that this is not a critique of the foliage protection approach being used in Québec, where ongoing foliage protection efforts have been successful in keeping treated areas below economic injury thresholds (50% defoliation) [28] , but only a small proportion of the outbreak area is treated each year. However, with over~8 million ha of defoliation in Québec, SBW populations are well beyond levels where an EIS approach would be feasible. 
Discussion
Over 5 years of development, testing, and refinement, the treatment priority and blocking tool has proven effective in directing insecticide treatments to reduce L2 populations and to facilitate determining costs and benefits of alternative size treatment programs. We tested a wide range of possible treatment program sizes (for example, in 2018 we tested five program sizes treating 100,000 to 300,000 ha, in 50,000 ha increments, which would equate to $4 million to $12 million treatment costs) and selected the 200,000 ha solution as covering nearly all L2 > 7 per branch and high spray priority areas. Advantages of using our blocking tool are 1) it is an objective, optimal solution, and 2) it can be rerun in hours to incorporate any desired changes, such as differing budgets and program sizes, alternative methods of L2 interpolation or scaling, changes to rules for including low sprucefir areas, or updates of exclusion area.
How safe for the environment are the Btk, tebufenozide, and pheromone treatments? All products are federally registered and approved as safe for use by Health Canada. The research project is regulated by requirements of the Federal Pest Control Products Act and New Brunswick's Pesticides Control Act and Regulation. Any provincial permit and product label conditions were observed to ensure safe and responsible use. Btk is a naturally occurring soil bacteria and is not harmful to humans or other mammals, bees, birds, or fish when used according to label conditions. Btk has been used for the last 20 years to control SBW defoliation [47] . Tebufenozide is an insect growth regulator that larvae eat, which imitates a natural insect hormone that causes the developing caterpillars to molt prematurely as the larvae go through their growth stages. The caterpillars then quickly stop feeding and die. It is harmless to humans or other mammals, bees, birds, or fish when used according to strict label conditions. Pheromones occur naturally, are unique to each insect, and trigger behavioral changes in members of the same species. Pheromones pose no risk to humans or other animals. They are used to lure or attract insects to traps, and they can be used to disrupt mating cycles. SBW pheromones do not kill insects.
Tebufenozide is used on forestry, ornamentals, and a variety of crops. It is added to water and aerially applied at a rate of 1 to 2 liters per hectare, with the tebufenozide portion fixed at 290 mL per hectare. Nozzles on the aircraft break the liquid mixture into small droplets (atomize) so that when the drops land on foliage they are small enough to be eaten by SBW. Because the forest canopy acts as a filter, 90%-95% of the spray is deposited in the forest canopy [48] . The portion that reaches the ground stays in the upper 5 cm of the soil and leafy debris, does not leach away, and is broken down over time by soil microbes, sunlight, and moisture [49, 50] . Tebufenozide deposited in the canopy is 
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Tebufenozide is used on forestry, ornamentals, and a variety of crops. It is added to water and aerially applied at a rate of 1 to 2 liters per hectare, with the tebufenozide portion fixed at 290 mL per hectare. Nozzles on the aircraft break the liquid mixture into small droplets (atomize) so that when the drops land on foliage they are small enough to be eaten by SBW. Because the forest canopy acts as a filter, 90%-95% of the spray is deposited in the forest canopy [48] . The portion that reaches the ground stays in the upper 5 cm of the soil and leafy debris, does not leach away, and is broken down over time by soil microbes, sunlight, and moisture [49, 50] . Tebufenozide deposited in the canopy is relatively rainfast and is not easily washed off by rainfall [51] and tebufenozide that reaches the ground is not harmful to soil invertebrates [52] , Water bodies are identified on maps and are excluded from all treatment areas during the planning phase, so there is no targeting of visible water bodies. Tebufenozide that lands on water has no noticeable environmental impact; research showed that there were no significant harmful effects on most organisms at concentrations expected after aerial spraying, even if a water body were to be unintentionally sprayed [48, 53, 54] . The most recent review of tebufenozide states that 'No adverse effects on birds, mammals or aquatic species are likely to occur from exposure to tebufenozide' [55] .
In the EIS trials conducted from 2014 to 2018, SBW populations in blocks treated with Btk or tebufenozide were consistently reduced and generally did not require treatment in the subsequent years. Based on intensive L2 sampling, SBW populations in northern New Brunswick continued to increase from 2015 to 2017, but at a relatively slow pace (Table 1 ). There are no other studies of similar area-wide insect population early intervention strategies for comparison.
In 2018, SBW populations declined such that only 10 L2 points with ≥ 7/branch were detected, compared to 112 such points in 2017 (0.5% versus 5.5%; Table 1 ). This SBW population decline was unexpected and is not currently understood, but thought to perhaps result from parasitoids, other natural enemies, or weather factors, possibly in combination with the EIS treatments. Analyses of parasitoids and diseases in collected SBW samples are ongoing. There are numerous examples of rapid year-to-year 10-or 100-fold magnitude increases or decreases of SBW populations, e.g., [56] , so we view the 2018 SBW population decline as likely a temporary reprieve rather than a continuing population trend. However, in 2018, the area of SBW defoliation detected by aerial surveys in adjacent Bas St. Laurent-Gaspésie, Québec, increased from 2,257,000 ha in 2017 to 2,728,000 ha, while only 550-2500 ha of defoliation was detected under EIS treatments in New Brunswick in 2017-2018 ( Figure 7B ).
There are several requirements for conducting a study such as this. The first is buy-in from a large number of stakeholders: the provincial forest management agency, regional forest industry, private woodlot owners, researchers, and the community at large. To achieve this, a huge effort has gone into communication and outreach, under the auspices of the Healthy Forest Partnership (see www.healthyforestpartnership.ca). The second requirement is a large amount of funding, because area-wide application of insecticide treatments on a trial basis is very expensive given the large areas involved. Over $17 million was spent on project insecticide treatments from 2014-2018. Funding for the first 4 years was jointly provided through proposals to the Governments of Canada and New Brunswick, forest industry, and Natural Resources Canada. A third requirement is the involvement of a large research effort, including over 30 scientists from Natural Resources Canada and five universities. Our ability to assemble these project requirements was strengthened by the DSS tools to estimate impacts of the alternative, what would happen to timber supply, direct and indirect effects on the regional economy, and employment of a large-scale uncontrolled SBW outbreak, e.g., [7, 9, 10] . These impacts represent billions of dollars [7] .
The positive and promising results from EIS from 2015 to 2017 resulted in the Healthy Forest Partnership submitting proposals to the Canadian federal government and all four Atlantic Canada provincial governments for funding to continue the EIS SBW project. This funding request was approved, with an additional $75 million of funding for continuation from 2018 to 2023. As a result, we are able to continue the trials, and to expand the research into several new areas including assessment of the ecological benefits of an EIS on watersheds, remote sensing of low-level defoliation, and assessment of climate change effects on SBW populations. Natural Resources Canada, all four Atlantic Canada provinces, and forest industry are supportive and contributing to the required investment. A strong coalition of researchers, landowners, forestry companies, governments, forest protection experts, communities, and citizens is committed to testing this strategy.
Recent timber supply projections conducted by NB ERD for Crown land in New Brunswick have indicated that at best, the foliage protection strategy would result in a 10%-15% long-term (in 50 years) reduction in spruce-fir harvest level, and would cost more than EIS. Timber supply projections were based on uncontrolled moderate and severe SBW outbreak scenarios as used in [21] , foliage protection of 20%-40% of susceptible forest area, and economic impacts of the resulting harvest reductions [7] . Extrapolation of these results for a severe SBW outbreak scenario to all four Atlantic Canada provinces, based on the per hectare detailed New Brunswick estimates, projected that an uncontrolled outbreak would cause 96 million m 3 of timber harvest losses and economic cost of $15 billion over 50 years; that a foliage protection strategy on 20% of susceptible forest would reduce the harvest losses to 43 million m 3 and economic cost of $5 billion, but with a treatment cost of $2 billion; whereas EIS, if successful, was projected to cost $300 million from 2014 to 2026 and result in minimal harvest and economic impacts. Therefore, the Early Intervention Strategy, if it continues to work, has been termed a $300 million (potential) solution to a $15 billion problem. These values were based on the estimated cost of continued EIS treatments for all of Atlantic Canada to 2026, the projected end of the SBW outbreak, compared to timber supply and economic impacts if SBW was uncontrolled, extrapolated from previous studies in New Brunswick [7, 21] .
Conclusions
Following 5 years of EIS treatments of low but increasing SBW populations, L2 populations across northern New Brunswick are considerably lower than SBW populations across the border in adjacent Québec. SBW populations in blocks treated with Btk or tebufenozide were consistently reduced and generally did not require treatment in the subsequent year. The differences in defoliation and SBW outbreak patterns between New Brunswick and the immediately adjacent areas of Québec are probably due to EIS, as the forest types, weather, and site conditions are similar to northern New Brunswick. SBW defoliation detected from aerial surveys was less than 2500 ha in 2017 and 550 ha in 2018 in New Brunswick, compared to over 2.5 million ha in adjacent Bas St. Laurent-Gaspésie areas of Québec. Unexpectedly, SBW populations across northern New Brunswick, based on intensive L2 sampling, showed over 90% reductions in 2018. We expect that SBW populations may well rebound after this decline, but the first 5 years of EIS trials in New Brunswick are showing overall positive results. We do not know if the EIS approach will continue to work, but after 5 years of treatments, there are dramatic differences between New Brunswick and the SBW outbreak in adjacent Québec. Research into EIS and considerations that underlie the development of a pest containment program are being addressed in an ongoing manner in the overall EIS project, which is continuing to 2023 or beyond, and includes 10 projects conducted by over 30 scientists. 
